Abstract. This paper presents an experimental study of the effects of dynamic strain aging on the mechanical behavior of selected high carbon and chromium-manganese steels in dynamic loading condition. In ferritic-pearlitic steels, the dynamic strain aging is typically caused by carbon, nitrogen, and possibly some other small solute atoms. Therefore, the thermomechanical treatments affect strongly how strong the dynamic strain aging effect is and at what temperature and strain rate regions the maximum effect is observed. In this work, we present results of the high temperature dynamic compression tests carried out for two different ferritic-pearlitic steels, 16MnCr5 and C60, that were heat treated to produce different microstructure variants of these standard alloys. The microstructures were analyzed using electron microscopy, and the materials were tested with the Split Hopkinson Pressure Bar device at three different strain rates at temperatures ranging from room temperature up to 680 °C to study the effect of the heat treatments and the resulting microstructures on the dynamic behavior of the steels and the dynamic strain aging effect. The results indicate that for both steels, a coarse grain structure has the strongest dynamic strain aging sensitivity at small plastic strains. However, at higher strains, all microstructures show similar strain aging sensitivities.
Introduction
The strength of steels is very sensitive to both deformation rate and ambient temperature. At low and intermediate strain rates, thermally activated dislocations motion is controlling the plastic deformation of steels. Consequently, the plastic behavior of steels is affected by the characteristics of the particular glide obstacles that the dislocations need to pass. The nature and density of these obstacles can change during plastic deformation, which may lead to a change in the material's response during the loading process. At high strain rates, viscous drag becomes the dominant resisting mechanism against plastic deformation due to its effects on the dislocations. For most steels, the deformation mechanism changes from thermally activated dislocation motion to drag controlled dislocation motion at strain rates close 10 3 s -1 . This leads to the commonly observed strong transient hardening, i.e., increase of the momentary flow stress of the steels. The permanent strain hardening of BCC steels, on the other hand, is not much affected by the strain rate or temperature. The reason for this is that the main thermally activated mechanisms are independent of the amount of deformation. In the case of pearlitic steels, the most significant obstacle for thermally activated dislocation motion is the lattice friction. This is due the fact that the lattice structure lacks close packed slip planes. Therefore, the stress-strain curves obtained for BCC metals at different temperatures usually have the same shape and only the overall level of flow stress decreases by increasing temperature. However, at higher temperatures, where the diffusion of small alloying atoms such as carbon and nitrogen increases, a sudden increase in the flow stress can be observed at certain strain rate-temperature combinations. In addition, at lower strain rates, jerky or serrated flow can be observed. This behavior is known as dynamic strain aging (DSA) or the Portevin-Le Chatelier phenomenon [1] . The reason for this behavior can be found in the fast movement of alloying atoms that temporarily pin the dislocations by diffusing into the dislocation cores. This leads to the minimization of lattice strain energy caused by the dislocations. Consequently, further movement of the dislocations requires additional work to release them from the cloud of alloying atoms. At higher strain rates, dynamic strain aging can cause an increase in the strength of the material at higher temperatures. This behavior has been observed for many metals and alloys, such as titanium [2] , niobium [3] , vanadium [4] , molybdenum [5] , and stainless steels [6] . However, for the work presented in this paper, the previous research on iron and carbon steels has more significance. Baird and Jamieson [7] studied the effects of nitrogen and manganese on the high temperature tensile behavior of iron at low strain rates and concluded that the alloying atoms cause both strong solid solution strengthening and EPJ Web of Conferences 183, 03009 (2018) https://doi.org/10.1051/epjconf/201818303009 DYMAT 2018 dynamic strain aging. Gilat and Wu [8] studied the behavior of 1020 steel at different strain rates in shear and reported that strong dynamic strain aging occurs in the range of 200-400 ˚C depending on the strain rate. The effect was reported to be very strong up to a strain rate close to 5×10 -4 s -1 , after which the effect started to fade away with increasing strain rate. Shahriary et al. [9] analyzed the stress-strain curves of the 4340 steel at different temperatures. They reported that both the work hardening exponent as well as the ductility of the steel were affected by the dynamic strain aging, the former increasing and the latter decreasing in the temperature range of 250-300 ˚C. The reduced ductility in the temperature range of 250-400 ˚C is commonly known as blue brittleness, and it has been attributed to dynamic strain aging [10] .
Dynamic strain aging is a diffusional process, whose strength is affected by strain rate (time), temperature, density of mobile dislocations, and concentration of small mobile atoms [11] . Nonetheless, the situation is not quite straightforward, as steels with the same chemical composition can have a vast difference in their microstructures and mechanical properties due to the heat treatments and different processing methods. For example, thermomechanical treatments can influence significantly the local chemical compositions, phase fractions, amount of precipitates, dislocation density, grain size etc. Therefore, the strength of the dynamic strain aging is also affected by the actual microstructure of the material. In the literature, however, there are only few examples of how the processing and microstructure of steels affect the strength of dynamic strain aging. One example is the work of Chakravartty et al. [12] , who studied nickel-manganese steels with different aging temperatures and cold worked microstructures up to 250 ˚C. The authors concluded that the microstructure of the steel has a very small effect on the strength of dynamic strain aging. However, Wagner et al. [13] reported the opposite for the A48 steel. According to the authors, higher amount of martensite leads to reduced dynamic strain aging.
This work presents the results of a systematic study on the dynamic strain aging effects in two different steels. Four thermomechanical heat treatments were carried out for two steels to produce samples with different ferritic-pearlitic structures. The dynamic strain aging and its effects on the material response were characterized at dynamic strain rates and at temperatures up to 680 °C. The correlation between the microstructure and the strength of the dynamic strain aging offers new insight for a better understanding of the phenomena affecting the strength and hardening of steels at high temperatures.
Experimental procedure
Two different steels were studied in this work, a high-carbon steel C60 and a chromium-manganese steel 16MnCr5. The studied steels had different microstructures depending on the heat treatment, i.e., coarse grain (CG), globular pearlite (GP), and banded structure (WB), which are shown in the scanning electron (SEM) micrographs in Figure 1 . The C60 steel was tested in the reference, CG, and GP states, whereas the 16MnCr5 steel was studied in CG, GP, and WB structures. Cylindrical samples with a diameter of 8 mm and a length of 8 mm were prepared from each material. Table 1 shows the chemical compositions of the tested materials. The high strain rate tests were carried out using a Split Hopkinson Pressure Bar (SHPB) device. The pressure bars were made of Maraging steel with a diameter of 22 mm and the length of 1200 mm. The striker bars of the same material were used with the length of 200-400 mm to perform the tests at different strain rates. The bars were resting on adjustable stanchions and supported by bearings allowing accurate alignment of the bars in z-and y-directions. The striker bar was impacted on the free end of the incident bar using an air gun. Three optical IR sender-receiver pairs were used to measure the impact velocity of the striker, and two active strain gages were attached to the center of the incident and transmitted bars to record the strain pulses. The strain gage signals were amplified using a Kyowa CDV 700A series signal conditioner and recorded on a 12-bit 10MSample Yokogawa digital oscilloscope. All functions of the device, including loading and shooting of the striker as well as reading of the data from the oscilloscope, are computer controlled. The high temperature SHPB setup comprises a mechanical manipulator, which controls the bars, and a specimen holder arm that is used to move the sample in and out from the furnace. The furnace is placed next to the bars to avoid heating of the bars. The sample is placed in a soft ceramic wool ring, which is held by a specimen holder arm. The arm can be moved by a pneumatic actuator back and forth between the centerline of the bars and the furnace. The first step in the high temperature SHPB test is to heat the sample inside the furnace. The sample is kept in the furnace long enough to achieve a homogeneous temperature over the sample. The second and third steps are to rapidly pull out the specimen to the centerline of the bars and to shoot the striker bar. The second mechanical manipulator at the end of a momentum trap bar pushes the incident and transmitted bars and the sample into contact just a fraction of a second (~50 ms), before the impact of the striker and the incident bar. This short contact time ensures that the temperature at the surface of the sample does not drop notably. More details of the instrument are given in Ref. [14] . Figure 2 shows the compression stress-strain curves obtained for the 16MnCr5 steel at different strain rates and temperatures. At room temperature, a sharp yield point is observed in the tests carried out at 500 s -1 and 2000 s -1 . However, the sharp yield point disappears as the strain rate reaches 4500 s -1 and the yield behavior becomes more continuous. The strain hardening rate of the test material seems insensitive to the microstructure, and the obtained stress-strain curves are rather parallel. On the other hand, temperature seems to have a small effect on the shape of the curves. The steel strain hardens stronger at the highest test temperature, especially at 500 s -1 and 2000 s -1 , but at 4500 s -1 the stress-strain curves at different temperatures are essentially parallel. , and i) 680 ˚C and 4500 s -1 .
Results and discussion

EPJ Web of Conferences
The deformation behavior is a bit different for the C60 steel, where a tendency for sharp yielding is observed for the CG and GP structures at room temperature at the strain rate of 500 s -1 . However, the behavior changes again to continuous as the temperature and strain rate increase. When comparing the strength of the different variants of the C60 steel, it is evident that the microstructure has a much stronger influence on the flow stress than for the 16MnCr5 steel. The steel with the CG structure shows the highest strength at all strain rates, followed by the reference structure and the GP structure. Nonetheless, it seems that the strain hardening rate is less affected by the temperature, strain rate, and microstructure. , and i) 680 ˚C and 4500 s -1 .
The effects of microstructure and temperature can be better seen by plotting the flow stress at 5% and 15% of plastic deformation as a function of temperature at a constant strain rate. Figure 4 shows the flow stress vs. temperature plots for both tested steels at the strain rate of 4500 s -1 . A strong DSA effect is observed for all tested materials at this strain rate. The strength of all tested materials decreases considerably as the temperature increases from room temperature to 500 °C. However, due to the DSA effect, the strength of the materials increases again as the temperature reaches 680 °C. Fig. 4 . Flow stress at 5% and 15% of plastic strain as a function of temperature at the strain rate of 4500 s -1 for a) C60 and b) 16MnCr5 steels.
The relative strength of the dynamic strain aging can be quantified using a temperature sensitivity factor, which is defined in Equation 1, where σ εRT and σ εT are the flow stresses at the constant plastic strain obtained at room temperature (RT) and at the higher temperature. The temperature sensitivity factor equals one at room temperature and has a value between zero and one at higher temperatures.
(1) Table 2 shows the temperature sensitivity factor as a function of temperature at the strain rate of 4500 s -1 for the C60 and 16MnCr5 steels. It is evident from the Figures that there is a strong increase in temperature sensitivity towards higher temperatures for both steels. The highest temperature sensitivity at 5% plastic deformation is observed for the steels with a coarse grain structure. In general, the steels with a coarse grain structure show high temperature sensitivity for all studied temperatures. The globular pearlite structure has a rather low temperature sensitivity factor at 500 ˚C for EPJ Web of Conferences 183, 03009 (2018) https://doi.org/10.1051/epjconf/201818303009 DYMAT 2018 both steels. However, the temperature sensitivity factor of the C60 globular pearlite increases more when the temperature is increased from 500 ˚C to 680 ˚C compared to the other microstructural variants. On the other hand, for the 16MnCr5 steel the globular pearlite structure shows the lowest values at 5% plastic deformation. At higher temperatures at 5% plastic strain, the coarse grain structure still shows the highest temperature sensitivity factor, followed by the globular structure and the banded structure. However, at 15% plastic strain the situation is somewhat different. All the three different structures for 16MnCr5 exhibit almost the same value for the temperature sensitivity factor at 500 ˚C and 680 ˚C. It seems that as the deformation proceeds from 5% to 15%, the sensitivity of the coarse-grained structure decreases and the sensitivity of the other microstructure variants increases, especially at the temperature of 680 ˚C. At least for this particular steel, the microstructures seem to develop towards similar DSA conditions, and therefore at higher strains, the mobile dislocation density and the diffusional conditions appear to be (effectively) similar for all studied microstructural variants. 
Concluding remarks
• The ferritic-perlitic steels 16MnCr5 and C60 with different microstructures were tested at different dynamic strain rates at temperatures 25 ˚C, 500 ˚C, and 680 ˚C to study the effects of microstructure and temperature on the temperature sensitivity of the materials.
• The mechanical response of the studied steels differs somewhat from one to another. All the steels exhibit a sharp yield point at the lower strain rates. However, when increasing the strain rate to 4500 s -1 , the yield behavior becomes more continuous.
• For the 16MnCr5 steel, the microstructure does not have a significant impact on the strength after the yield point except for the globular pearlite structure, which exhibits a slightly lower strength, especially at lower strain rates. In general, the structure of the C60 steel has a stronger effect on the flow stress.
• At high strain rates, a strong dynamic strain aging effect is observed for all tested materials. In addition, as the temperature increases, the strength of the materials decreases significantly up to 500 ˚C at all strain rates. Due to the dynamic strain aging effect, the strength increases again as the temperature is increased to 680 ˚C.
• For both the C60 and 16MnCr6 steels, the coarsegrained microstructure has the strongest temperature sensitivity at low plastic strains. At higher plastic strains, however, all studied microstructures exhibit similar strain aging sensitivities.
